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F L I G E T  TESTS OF T'A'O AIRPLMES H A V I N G  ?ODEF.ATELY KIGH 
E F F 3 C T I V E  D I F E D Z A L  A N D  D I F F E R Z N T  D I R Z C T I O l i  AL 
S T A B I L I T Y  AID COl\?TROL C B f i S A C T E R I S T I C S  
By S. A. Sjoberg 
F l i g h t  t e s t s  of a twin-engine mldwing a t t a c k  bombar 
and 8 single-engine low-wing f i s h t e r  a i rp l ane  showed both 
a i rp l anes  t o  have moderately high e f f e c t i v e  d i h e d r a l  but 
d i f f e r e n t  d i r e c t i o n a l  s t a b i l i t y  and c o n t r o l  cha rac t e r -  
i s t i c s .  
The a t t a c k  bonber had a high degree of d i r e c t i o n a l  
s t a b i l i t y  and the  v a r i a t i o n  of rudder f o r c e  r equ i r ed  f o r  
t r i m  w i t h  speed w8s small. The f i g h t e r  had considerably 
l e s s  d i r e c t i o n a l  s t a b i l i t y  thsn the  a t t a c k  bomber and 
t h e  rudder fo rces  requi red  f o r  t r i m  as t he  speed and 
engine power were var ied  were r e l a t i v e l y  high. In f l y i n g  
the  a t t a c k  bomber, p i l o t s  d i d  not observe any unusual o r  
undes i rab le  l a t e r a l  c o n t r o l  cha r s . c t e r l s t i c s .  On the  
o the r  ha.nd p i l o t s  repor ted  c o n t r o l  coord ina t ion  ;.vas 
d i f f i c u l t  with the  f i g h t e r  when chaliging speed o r  power, 
with t h e  r e s u l t  t h a t  inadvertent  s i d e s l i p p i n g  occurred. 
When t h i s  motion occurred the  a i r r ) l m c  tended t o  r o l l  
and t h e  p i l o t  was requi red  t o  2pp!Ji.g a i l e r o n  f o r c e s  con- 
t i n u a l l y .  P i l o t s  a l s o  ccnsidered the rouqh-air  c o n t r o l  
c h a r a c t e r i s t i c s  object ionable  because of t h e  c.ilaron 
f o r c e s  t h e t  were requi red  when inadver ten t  s i d e s l i p p i n g  
occurrec?, inhen the  rudder forces  viere reduced w i t h  a 
spr ing- tab  rudder,  p i l o t s  noted a rrmrkad imyrovement i n  
t h e  l a t e r a l  and d i r e c t i o n a l  cont ro l  c h a r e c t e r i s t i c s .  
I ET R 0 DUC T I 0 N 
I n  t he  coxrse of f l i g h t  t e s t s  malie a t  t he  Langley 
Laboratory of t h e  XACA t o  deter..nine t h e  f l y i n g  q u a l i t i e s  
of  an a t t a c k  bomber snd a f ightera  a i r p l e n s ,  both a i rp l anes  
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were found t o  heve mode,-atelg hi!;h e f f e c t i v e  d i h e d r a l  a t  
moderate and nigh speeds but d i f f e r e n t  d i r e c t i o n a l  s t a -  
b i l i t y  and con t ro l  c h a r a c t e r i s t i c s .  Un2ublished t a s t s  
i n  which h i g h  e f f e c t i v e  d ihedra l  was foirnd t o  be objec- 
t ionable  have been r epor t ed  a t  t h e  Ames Laboratory o f  
t h e  RAGA. The present  r e p o r t  gives  a d i scuss ion  of t he  
e f f e c t s  of d i f f e rences  i n  t h e  d i r e c t i o n a l  s t a b i l i t y  end 
con t ro l  c h a r a c t e r i s t i c s  on the  l s t e r a l  c o n t r o l  cnerac- 
t e r i s t i c s  of a f i g h t e r  and an a t t a c k  boalber havin; 
approximately the  same moderately high e f f e c t i v e  d ihedra l .  
The f i g h t e r  a i rp l ane  was  t e s t e d  with both the  s t m d a r d  
rudder and an expr i rnen t  a 1  s ?r ing- t  ~ ' t 3  rudder.  
Figures 1 end 2 a r e  three-view drawings o f  t h e  two 
a i r p l a n e s  t h a t  wsre t e s t e d .  P e r t i n e n t  dimensions a r e  
given i n  the  f i g u r e s .  
The e f f e c t i v e  d i h e d r e l  was ca.lculated f rom f l i g h t  
measurements of  t he  v a r i z t i o n  of a l le iaon angle wi th  s ide -  
s l i p  angle i n  s teedy  s i d e s l i p s  and the  v a r i e t i o n  c;f b l i x  
angle  pb/2V wi th  a i l e r o n  d e f l e c t i o n  i n  rudder-f ixed 
aii.eron r o l l e .  The effoct ive-dihrdi .2al  angle i n  degrees I 
i s  given by the  formula / Dbl\ 
where 
re 
ZP 
ps 
2v -
db a 
ef f ec t ive -d ihedra l  angle, degrees  
v a r i a t i o n  of rolling-moinent c o e f f i c i e n t  C t  
with h e l i x  angle pb/2V i n  r a d i a m  (obta ined  
from reference  1) 
v a r i a t i o n  of h e l i x  angle pb/2V i n  rad ians  w i t h  
a i l e r o n  angle 6, i n  degrees (obta ined  from 
rudder-f ixed a i l e r o n  rolls i n  f l i g h t )  
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d6a/df3 v a r i a t i o n  of a i l e r o n  angle 6a i n  degrees w i t h  
s i d e s l i p  angle p i n  degrees (obta ined  from 
s teady  s i d e s l i p s  i n  f l i gh t )  
C Z P / T  v a r i a t i o n  of rolling-moment c o e f f i c i e n t  c t  a i th  
s i d e s l i p  angle p i n  rad ians  pe r  u n i t  d i h e d r a l  
angle I? i n  radians (obta ined  f roE  reference  1) 
I n  t h e  rated-power c l ean  condi t ion a t  an ind ica t ed  a i r -  
speed of 250 miles  per  hour, the e f f e c t i v e  d ihedra l  was 
c a l c u l a t e d  t o  be 5.60 f o r  t h e  a t t a c k  bomber and 5 .4O f o r  
the  f i g h t e r ,  
A n  i n d i c a t i o n  of t h e  degree o f  d i r e c t i o n e l  s t a b i l i t y  
of t h e  two a i rp lanes  i s  shown i n  f i g u r e s  3 and 4 by t h e  
maximwn change i n  s i d e s l i p  angle due t o  abrupt f u l l  
a i l e r o n  de f l ec t ion .  These f igu res  a r s  t i n e  h i s t o r i e s  of 
rudder-fixed f u l l - a i l e r o n  r o l l s  o u t  of t u rns .  These 
maneuvers were s t a r t e d  a t  a l i f t  c o e f f i c i e n t  of 1.35 fop  
the  f i g h t e r  and 1 .13  f o r  the  a t t a c k  bomber. The maximum 
value of  h e l i x  angle pb/2V reached was 0.062 r a d i s n  
f o r  both a i rp lanes .  Figures 3 and 4 show t h a t  the a t t a c k  
bomber had considersblg more d k e c t i o n a l  s t a b i l i t y  than  
t h e  f i g h t e r ;  t he  m a x i m u m  change i n  s i d e s l i p  angle wss 12' 
f o r  the  a t t a c k  bomber and Pl0 f o r  t h e  f i g h t e r .  
Figures  5 and 6 give the  s t eady  s i d e s l i p  charac te r -  
i s t i c s  of  t he  two a i rp lanes .  The curves of rudder angle 
and rudder  fo rce  p l o t t e d  against  s i d e s l i p  angle i n  t h e s e  
f i g u r e s  a re  a l s o  a measure of t h e  d i r e c t i o n a l  s t a b i l i t y  
of t h e  a i rp l anes ,  Inspect ion of the rudder-angle curves 
shows the  g r e a t e r  d i r a c t i o n a l  s t a b i l i t y  o f  the  a t t a c k  
bomber t h a t  was pointed out previously.  The d a t a  for t h e  
f i g h t e r  show a f u r t h e r  dscreaae i n  d i r e c t i o n a l  s t a b i l i t y  
a t  siriall s i d e s l i p  angles ,  e s p e c i a l l y  in l e f t  s id 'eel ips ,  
The decrease i n  d i r e c t i o n a l  s t a b i l i t y  a t  small s i d e s l i p  
angles w a s  even more apTarent i n  f l i g h t  a t  lower speeds. 
I n  f l y i n g  the  f i g h t e r  a i rplane,  i. .ilots repor ted  t h a t  
c o n t r o l  coord ina t ion  was d i f f i c u l t  during chmges i n  s p e d  
and power and t h a t  use of t he  control-s t o  mzintain s teady 
f l i g h t  i n  rough a i r  r e s u l t e d  i n  objec t ionable  r o l l i n g  
nlottons. Beceuse of the r e l s t i v e l y  l a rge  v a r i a t i o n  o f  
rudder t r i m  fo rce  wi th  spead and power w i t h  t h i s  a i rp l ane ,  
p i l o t s  axperianced d i f f i c i l l t y  i n  maintaining z 8 r o  o r  
n e g l i g i b l e  s i d e s l i p  angles when the  speed o r  power was 
changed. When appreciEble s i d e s l i p  angles developed, t h e  
a i rp l ane  tended t o  r c l l  rnd the p i l o t  was r equ i r ed  t o  
4 
ap-ly a i l e r o n  fo rces  coritinual2.y t o  overcome t h e  r o l l i n g  
moment due t o  s i d o s 1 . i ~ .  because of t he  low d i r e c t i o n a l  
s t a b i l i t y ,  p i l o t s  a l s o  considered the  l a t e r a l  c o n t r o l  
c h a r a c t e r i s t i c s  unsa t i a f  actory when f l y i n g  a t  constant  
speed. I n  th i s  case in sdve r t en t  s i d e s l i p p i n g  caused the  
object ionable  tendency of the airpls.ne t o  roll. '&en 
f l y i n g  i n  rough a i r ,  i f  8 gust  caused the i n i t i r l  motion, 
p i l o t s  reported t h a t  i t  was e s p e c i e l l y  d i f f i c u l t  t o  
r e t u r n  the  a i r p l a n e  t o  s t eady  f l i g h t .  
I n  f l y i n g  
any unusual or 
With the  high d 
the a t t a c k  bomber, p i l o t s  d id  not observe 
unde s i r  a.b l e  1 a t  e r a1 c on t r o 1 char  a c t  e r i s t i c s . 
. i rect i .onal  s t a b i l i t y  and the  small  v a r i -  
a t i on  of ruzder  t r i m  f o r c e  with speed, the  a i rp lane  was 
not as  l i k e l y  t o  reach  angles of s i d e s l i p  suf ' f fc ient  t o  
cause r o l l i n g .  
The e f f e c t  of  reducir,g t h e  rudder f o r c e s  of t he  
f i g h t e r  was inves t iga t ed  by equipping t h e  a i rp l ane  with 
an exper inenta l  spFing-tab rudder. Figure 7 shows 8 com- 
par i son  of t he  v a r i a t i o n  of rudder engle and rudder fo rce  
w i t h  s i d e s l i p  angle i n  s teady s i d e s l i p s  for t h i s  a i rp lane  
when equipped w i t h  the  o r i g i n a l  rudder and the  spr ing- tab  
rudder. With the  spr ing- tab  rudder ths  rudder fo rce  
required t o  7roduce a given s i d e s l i p  m z l e  and ti?* rudder 
forces  requi red  f o r  t r i m  were considerably mduced. b 
P i l o t s  noted t h a t  wi th  the  l i g h t e r  ruddzr f o r c e s  it  was 
e a s i e r  t o  maintain n e g l i g i b k  s i d e s l i p  angles and the  
l a t e r a l  c o n t r o l  c h a r c c t e r i s t i c s  were inproved, The f a c t  
t h a t  improved l a t e T s l  c o n t r o l  c h a r a c t e r i s t i c s  r e s u l t e d  
when t h e  rudder fo rces  were reduced i s  not c o n s i s t e n t  
x i t h  var ious requirements based on tha  r e l a t i o n  betvGean 
rudder fo rces  2nd the r o l l i n g  response t h a t  heve been 
proposed t o  s e t  a n  upper l i m i t  on t h e  allowable e f f e c t i v e  
dihedral.  For exeinple, a t e n t a t i v e  requirement has been 
proposed a t  t he  Ames laborastory which s t a t e s  t h e t  t he  
angle of bank reached i n  2 secor,ds should be l e s s  t han  
0.0055 o r  O.OO.!+O r ad ian  per pound of rudder f o r c e .  From 
a i le ron- f ixed  rudder kicks maae a t  20G miles  per  hour f n  
t h e  clean, powei--on condi t ion ,  the <ingle of bank reeched 
i n  2 seconds was found to  be 0.0026 r a d i s n  p r  pound of 
rudder fo rce  for t he  a t t a c k  boi,,be;* and 0.0048 r a d i a n  per  
pound of rudder force  f o r  the f i g h t e r  w i t h  t h e  o r i g i n a l  
rudder. The angle of  bank t h a t  would be reached i n  
2 seconds w i th  the  f i g h t e r  equipped wi th  t h e  spr ing- tab  
rudder wes es t imated t o  be 0.0082 r ad ian  per pound of 
rIJdder fo rce  a t  200 miles  pe r  hour, Since the  sp r ing  t a b  
becomes more e f f e c t i v e  a s  t he  speed i s  increased ,  t he  
* 
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d i f f e rence  between t h e  angles of bank reached i n  2 seconds 
7 e r  pound of rudder fo rce  w i t h  the  o r i g i n a l  rudder  and the  
spr ing-tab rudder w i l l  be even g r e a t e r  s t  higher  speeds. 
The d a t a  show t h a t  t h e  a t t a c k  bonber s a t i s f i e d  the  proposed 
requirement and t h o t  t h e  f f g h t e r  with d i t h e r  t he  o r i g i n a l  
rudder o r  t he  spr ing-tab ' rudder  did not s a t i s f y  the  
proposed requirement. The f i g h t e r  w i t h  the  o r i g i n a l  
rudder cane much c l o s e r  t o  s a t i s f y i n g  t h e  requirement than  
the  same a i rp lane  with the  spring-tab rudder ,  but  the  
l a t e r a l  c o n t r o l  c h a r a c t e r i s t i c s  were b e t t e r  x i t h  t h e  
spr ing-tab rudder. A c r i t e r i o n  f o r  the upper l i m i t  of 
e f f e c t i v e  d ihedre l  based on the angle o f  bank resched in 
2 seconds wi th  a given rudder f o r c e  the re fo re  a p p e a r s  
unsa t i s f ac to ry  and such a c r i t e r i o n  should take i n t o  
account o t h e r  f a c t o r s  such as t h e  d i r e c t i o n a l  s t a b i l i t y  
of t he  a i rp lane .  
The use of  high e f f e c t i v e  d ihedra l  i n  conjunct ion 
w i t h  l i g h t  rudder f o r c e s  has been suggested as a neans of 
i nc reas ing  t h e  r o l l i n g  performmce of an a i -p lane .  Fig- 
ures  8 and 9 show t h a t  considerable r o l l i n g  v e l o c i t y  can 
be obtained by use o f  the ruddar with both ? i r? l s r ies ,  but 
these  f i g u r e s  a l s o  show t h a t  tnare  i s  r n  a p r e c i a b l e  time 
lag between app l i ca t ion  of t h e  rudder and she r e s u l t a n t  
r o l l i n g  motion. For t h i s  reason, p i l o t s  considered this  
means of ob te in ing  a high r o l l i n g  v e l o c i t y  t o  be unsa t i s -  
fac tory .  
C CNCLUS IOXS 
F l i g h t  t e s t s  of two airplanes,  a f i g h t e r  si 'rplane 
and an at3ack bomber, which had d i f f e r e n t  d i r e c t i o n a l  
s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t l c s  2nd approxims.tely 
t h e  same moderately high e f f e c t i v e  d ihedra l ,  l e d  t o  the 
fol lowing conclusions concerning the  e f f e c t s  of the  
d i f f e r e n t  d i r e c t i o n a l  s t a b i l i t y  and c o n t r o l  charac te r -  
i s t i c s  on t h e  f l y i n g  q u a l i t i e s  of the two a i rp lanes :  
With the  f i g h t e r ,  which had low d i r e c t l o n a l  s t a b i l i t y  
and a l a r g e  v s r i r t i o n  of rudder t r i m  fo rce  with speed ond 
power, p i l o t s  r epor t ed  con t ro l  coord ina t ion  was d i f f i c u l t  
when changing speed o r  power, with the r e s u l t  t h a t  
inadver ten t  s i d e s l i p p i n g  occurred. 
occurred, t h e  a i rp l ane  tended t o  r o l l  end the  p i l o t  was 
r equ i r ed  t o  s.pply a i l e r o n  forces  cont inua l ly .  P i l o t s  
a l s c  considered the rough-air  con t ro l  c h a r a c t e r i s t i c s  
Then t h i s  no t ion  
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object ionable  because of the aileron f o r c e s  t h a t  were 
required when inadver ten t  s i d e s l i p p i n g  occurred. When 
t h e  rudder f o r c e s  were reduced w i t h  a sp r ing - t ab  rudder,  
p i l o t s  noted a marked Improvement i n  the  lateral and 
d i r e c t i o n a l  c o n t r o l  c h a r a c t e r i s t i c s .  
With the  h igh  degree of d i r e c t i o n a l  s t a b i l i t y  and 
low d i r e c t i o n a l  t r i m  f o r c e s  of the a t t e c k  bomber, p i l o t s  
observed no unusual o r  undesirable  l a t e r a l  c o n t r o l  
c h a r a c t e r i s t i c s .  
Langley Memorial Aercnaut ical  L a b o r s t o r g  
National Advisory Connittee f o r  Aeronautics 
Lanpley F i e l d ,  Va. 
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Figure 2.- Three-view drawing of attack bomber t e s ted .  
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Figure 3.- T i m e  h i s t o r y  of a f u l l - d e f l e c t i o n  a i l e r o n  roll out of a 
l e f t  t u r n  w i t h  rudder held f i x e d  f o r  f i g h t e r  a i rp lane .  
Clean c o n d i t i o  ower for  l e v e l  f l i g h t ;  ind ica ted  air-  
speed V 
CL = i . 3 5  a t  start of maneuver. 
= l&;m?les per hour; lift c o e f f i c i e n t ,  
. 
Fig. 4 N A C A  CB No. L5H08 
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F i g u r e  4.- Time h i s t o r y  of  a f u l l - d e f l e c t i o n  a i l e r o n  roll o u t  of a 
l e f t  t u r n  w i t h  r u d d e r  h e l d  f i x e d  f o r  a t t a c k  bomber. 
Clean  c o n d i t i o n ;  power f o r  l e v e l  f l i g h t ;  i n d i c a t e d  
a i r s p e e d ,  V i  = 145 m i l e s  p e r  h o u r ;  l i f t  c o e f f i c i e n t ,  
CL = 1.13 ( a p p r o x . )  a t  s t a r t  of maneuver. 
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Figure 5 . -  Steady s i d e s l i p  chsracter is t ics  for  f ighter  airplane.  Clean condit ion;  
rated power; indicated airspeed, V i  z 252 mil.es per hour .  
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Figure 6.- Steady s i d e s l i p  c h a r a c t e r i s t i c s  f o r  a t t a c k  bomber. Clean cond i t ion ;  r a t e d  
power; i n d i c a t e d  a i r s p e e d ,  V i  ~ 2 5 . 2  miles p e r  hour.  
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Figure 7.- Variation of rudder angle  and rudder force  w i t h  
s i d e s l i p  angle f o r  f i g h t e r  a irplane  with o r i g i n a l  
rudder and experimental spring-tab rudder with 
5-poUd preload. Clean condition; rated power; 
indicated airspeed, Vi = 300 miles  per hour. 
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Figure 8 . -  T i m e  history of a rudder kick w i t h  ailerons held fixed for 
fighter airplane. Clean condition; level-f l i6ht  Power; 
indicated airspeed, V i  t 197 miles per hour. 
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Figure 9.- T h e  history of a rudder kick w i t h  a i lerons held 
fixed for attack bomber. Clean condition; rated 
power; indicated alrepeed, Vi = 200 miJes per 
hour. 
